Intra-arterial recanalization postprocedural imaging in stroke patients can result in diagnostic complications due to hyperdensities on noncontrast computed tomography (CT), which may represent either contrast extravasation or intracranial hemorrhage. If these lesions are hemorrhage, then they are risk factors becoming symptomatic, which, if not distinguished, can alter clinical management. We investigate the effects of iodinated contrast on postprocedural magnetic resonance imaging (MRI) and prevalence of equivocal imaging interpretations of postprocedural extravasated contrast versus hemorrhage while identifying protocol pitfalls.
Introduction
Intra-arterial recanalization has become a mainstay of stroke therapy. [1] [2] [3] [4] [5] [6] However, postprocedural imaging has resulted in diagnostic difficulties due to the presence of hyperdense lesions on noncontrast computed tomography (CT). 1, [9] [10] [11] [14] [15] [16] [17] These hyperdense lesions on postprocedural CT after intra-arterial recanalization by thrombolysis or mechanical thrombectomy are common occurrences. 1, [9] [10] [11] [14] [15] [16] [17] However, according to prior studies, a visualized hyperdense area on CT images is a risk factor for both hemorrhagic transformation as well as symptomatic postprocedural iatrogenic hemorrhage. For that reason, discerning whether these hyperdense lesions on CT are hemorrhage or solely angiographic contrast extravasation is crucial in stroke or trauma with potentially significant clinical ramifications. Postprocedural iatrogenic hemorrhage has an incidence of at least 10.9% 12 with some studies showing up to 15% and, if symptomatic, has a mortality of up to 83%. 29 Magnetic resonance imaging (MRI) performed post intra-arterial recanalization, which uses angiographic iodine contrast media during the procedure, could potentially lead to false positive intracranial hemorrhage interpretations or false negative interpretations of contrast extravasation by neuroradiologists. 7, 8 It is known that iodinated contrast agents can have imaging effects of at least 48 hours. [24] [25] [26] [27] In this retrospective single center study, we analyzed a cohort of 10 ischemic stroke patients who underwent intra-arterial recanalization with a postprocedural head CT done within 24 hours, followed by MRI within 48 hours and a confirmatory CT without contrast done 72 hours postprocedure. The goal of this study was to investigate the effects of iodinated contrast on postprocedural MRI, understand the prevalence of equivocal interpretation of hyperdense areas, and identify any postprocedural protocol-related pitfalls.
Materials and Methods

Patient Selection
In this single institution Internal Review Board (IRB) approved retrospective study (IRB#14-1544), we performed a database search using iSite Illuminate (Philips Healthcare, Best, The Netherlands) with the following search terms: a) thrombectomy, or b) thrombolysis, or c) embolectomy, or d) embolysis.
This database search yielded 500 eligible patients with age range from 30 to 75 years after ischemic stroke from between December 1, 2010 to December 1, 2015. From these 500 patients, a subgroup of patients was selected in which a postprocedural CT was done within 24 hours as well as an MRI was done within 48 hours of the recanalization procedure (Fig 1) . This strict selection criteria yielded a 10 patient subgroup with five males and five females. The eventual diagnosis was confirmed on noncontrast CTs done at least 72 hours after the procedure (Fig 2) . The confirmation of extravasation or hemorrhage is based on the final impression of the post 72 hour CT report done by experienced neuroradiologists.
Analysis
Phantom Study
An MR phantom study with different concentrations of the iodinated contrast agent Omnipaque 350 [Iohexol] (GE Healthcare, Chicago, IL, USA) was performed. Iodinated contrast was diluted with physiological saline solution to create different concentrations ranging from pure saline to pure contrast in the following increments: 0, 1/32, 1/16, 1/8, 1/4, 1/2, and 1. We investigated the dependency of the relaxation time, T 1 , on the concentration of the iodinated contrast agent in this phantom by acquiring an inversion recovery sequence with the following inversion times: 50, 100, 200, 400, 800, 1000, 3200, and 5000 ms on a 1.5 T clinical Achieva MRI system (Philips Healthcare, Best, The Netherlands).
Fig 1.
Inclusion criteria of our study for stroke patients post recanalization to qualify for a retrospective analysis. In order to qualify for this retrospective analysis, a stroke patient must have undergone a noncontrast head CT within 24 hours of recanalization procedure. Additionally, an MR brain without contrast must have been completed within 48 hours of the procedure for further characterization. Finally, another noncontrast head CT must have been done at least after 72 hours for confirmation of hemorrhage or contrast extravasation.
Fig 2.
In total, 500 eligible patients were identified with a database search in this retrospective study. Of those 500 patients, 10 patients qualified based on the stringent imaging inclusion criteria (Fig 1) . Three out of 10 patients had a working diagnosis of postprocedural hemorrhage and were deemed true positives. Two out of 10 patients had a working diagnosis of postprocedural hemorrhage but were found to have contrast extravasation and were characterized as false positives. Two of 10 patients had a working diagnosis of contrast extravasation and were stratified as true negatives. Finally, three out of 10 patients had a working diagnosis of contrast extravasation but were found to have hemorrhage. These cases were deemed false negatives.
Patient Study
We analyzed the presence or absence of postprocedural hemorrhage on subsequent CT and MR images statistically. Two experienced interventional neuroradiologists interpreted these studies. A positive study was defined as a new hyperdense area between 50 and 90 Hounsfield units (HUs) average on initial postprocedural CT and were classified as hemorrhage. A new hyperdense area less than 50 HU or greater than 90 HU average was classified as negative and deemed contrast extravasation. 38, 39 Equivocal interpretations of hemorrhage or contrast extravasation were deemed positive or negative depending on the working differential diagnosis for simplicity as determined by trained neuroradiologists' interpretations. Of note, heterogeneity within the hyperdensity is categorized based on the density of the predominant finding. A positive study on MRI after 48 hours was defined as isointense on T 1 -weighted and hyperintense on T 2 -weighted images and was deemed hemorrhage. MRI interpretation was only restricted to T 1 -and T 2 -weighted sequences. Persistent hyperdensity, irrespective of change in size, on postprocedural CT images after 72 hours was considered a positive study and categorized as hemorrhage. True positive, false positive, true negative, false negative, predictive values, and likelihood ratio results were calculated using the software MedCalc, version 16.1 (MedCalc, Microsoft Partner, Ostend, Belgium). Sensitivity, specificity, and accuracy were also obtained.
Results
In this retrospective single institution study, we initially assessed 500 eligible stroke patients through a database search in a 5-year time interval. Our stringent inclusion criteria yielded 10 patients who underwent (1) intra-arterial recanalization with subsequent CT without IV contrast done within 24 hours postprocedure, (2) MRI done within 48 hours, and (3) subsequent confirmatory CT done at least 72 hours afterward (Fig 1) .
The overall sensitivity for the presence of postprocedure hemorrhage was 50%. In our patient population, we demonstrate a 50% (5/10) chance of diagnosing true postprocedural hemorrhage correctly when the CT done within 24 hours postprocedure and MRI done with 48 hours are positive and confirmed on noncontrast CT after 72 hours of the procedure. The overall specificity for the presence of postprocedural hemorrhage was also 50%. We show here a 50% (5/10) chance of diagnosing true contrast extravasation when the postprocedural CT and MRI are negative and confirmed on CT done 72 hours after the procedure. Positive predictive value was shown to be 60%. This suggests that patients with postprocedural CT within 24 hours and MRI done within 48 hours who were initially diagnosed with hemorrhage have a 60% rate of truly having a hemorrhage on confirmatory CT after 72 hours. Negative predictive value was deemed 40%. This indicates that patients initially diagnosed with contrast extravasation on CT and MRI have a 40% chances of truly having contrast extravasation on confirmatory noncontrast CT done within 72 hours. It is important to note that due to the small sample size, our confidence intervals have wide ranges. shows a rounded lesion with a slightly hyperintense core centered in the left thalamus with a peripheral rim of high signal and larger surrounding rim of intensity similar to that of the core. The following noncontrast CT done 72 hours in the top right image (C) after the procedure demonstrated a persistent hemorrhage. This is an example of a false negative case where the initial postprocedural head CT leads to a working differential diagnosis of contrast extravasation. Our study demonstrated a false negative ratio of 30%. The bottom row of Figure 3 is an example of a false negative study. The bottom left image (D) presents a noncontrast head CT done with 24 hours postprocedure with a heterogeneous hyperdense lesion primarily involving the left thalamus and basal ganglia with lateral extension near the insular cortex. The following axial T 2 -weighted MRI image done within 48 hours in the bottom middle (E) demonstrates a hyperintense lesion centered in the left basal ganglia primarily involving the striatum and insular cortex. The curvilinear central hyperdensity within the lesion was thought to be a mix of both hemorrhage and extravasation. However, because the majority of the lesion measured approximately 60 HU on average, this lesion was categorized as hemorrhage as per the criteria. The subsequent noncontrast CT done after 72 hours in the bottom right (F) shows contrast extravasation that was completely resorbed without residual hemorrhage. This is an example of a false positive case. Our study demonstrates a false positive rate of 20%. Postprocedural MR showed changes of the relaxation times T 1 and T 2 . These changes are consistent with changes caused by iodine contrast agents and led to false positive postprocedural hemorrhage interpretations in 2 out of 10 patients in the MRI performed within 48 hours. 44 To demonstrate the effects of the iodinated CT contrast agent (Omnipaque 350) on the relaxation time T 1 , a phantom study was performed. Figure 4 displays a T 1 -weighted MR image of a dilution series in a phantom with different concentrations of the iodinated contrast agent. The concentrations are labeled in the figure as follows: In the center, 0 for physiological saline solution, 1/32, 1/16, 1/8, 1/4, 1/2, and 1 for pure contrast agent. The T 1 shortening effect with increasing iodinated contrast agent solution is visible with brighter signal intensities with the brightest signal in the highest concentration. Our phantom study confirms the T 1 shortening effects of iodinated contrast agents of a prior study of Jinkins et al. 43 
Discussion
Hyperdense lesions on postprocedural CT after intra-arterial recanalization by thrombolysis or mechanical thrombectomy are common occurrences. However, a visualized hyperdense area confers increased risk of both hemorrhagic transformation as well as symptomatic postprocedural hemorrhage. 1, [11] [12] [13] [14] [15] [16] [17] 28 Discerning whether these hyperdense lesions on CT are contrast extravasation or hemorrhage is crucial in stroke or trauma patients and can have significant clinical ramifications. Postprocedural iatrogenic hemorrhage has an incidence of between 10.9% and 15% 12, 29 and a mortality of up to 83% if symptomatic. 12, 29 Contrast extravasation is thought to be due to leakage from vessels into extracellular space from increased permeability of the blood brain barrier. 30 Contrast effects can last up to 48 hours. 31 Definite identification of extravasation requires frequent imaging for demonstration of eventual washout, while postprocedural hemorrhage is thought to persist for days to weeks. 12, 28 The main objective of this study was to report our experience with visualized hyperdense areas on immediate postprocedural CT as well as distinguishing the necessary time frame for a confirmatory MRI study. Moreover, we were attempting to address the use of additional contrast in confirmatory MRI studies as a possible confounding variable when assessing for contrast extravasation or hemorrhage. MRI has been utilized in limited capacity for determining the presence or absence of hemorrhage in post recanalization patients. While a number of studies have explored distinguishing hyperdense areas as contrast extravasation or hemorrhage, [11] [12] [13] [14] [15] [16] [17] few have focused on how timing as well as use of gadolinium contrast in confirmatory imaging, such as MRI, can be modified.
In our series, we demonstrated that the sensitivity and specificity of initial noncontrast CT and follow-up MRI done within 48 hours is 50%, respectively. Additionally, our phantom study corroborates our assertions that MRI done within 48 hours can be affected by residual angiographic iodinated contrast due to effects on T 1 and T 2 relaxation times as seen in previous studies. 37 Overall, with sensitivity and specificity of 50%, our study demonstrates that our ability to detect postprocedural hemorrhage with CT and MRI within 48 hours is poor.
Another key component of our study is identifying the use of gadolinium contrast in the follow-up MRI done within 48 hours. Within our series, we encountered in 2 out of 10 patients this problem. Both were initially deemed equivocal on CT and were still considered equivocal on the follow-up MRI that was performed with gadolinium. This is crucial as it presents multiple diagnostic limitations. First, gadolinium contrast further obfuscates our initial concern of differentiating iodinated contrast extravasation from hemorrhage. As contrast is shown to wash out over time, the possibility of gadolinium contrast that also appears hyperdense on CT can mask an underlying hemorrhage. 12, [21] [22] [23] Moreover, this can lead to a higher false positive rate as gadolinium can persist, making the hyperdense area appear to be a hemorrhage when it is truly iodinated contrast extravasation. [34] [35] [36] Second, reactions between iodinated contrast and gadolinium are virtually unknown, which could lead to further complications. 34 Renal complications such as contrast-induced nephropathy or nephrogenic systemic fibrosis are well known for each contrast agent. [34] [35] [36] Given the unknown of synergistic effects, this must be taken into consideration given the increased morbidity of systemic complications within stroke patients. 35 This is a potential area of future research. Limitations of our study include a small sample size. The small sample size is the result of a stringent inclusion criteria that necessitated a specific follow-up sequence of postprocedural CT within 24 hours, MRI within 48 hours, and confirmatory CT within 72 hours. Many of the patients did not qualify for our inclusion criteria because MRI was rarely utilized to follow up a hyperdense area found on initial postprocedural CT. In spite of the small sample size, our results of a 20% false positive and 30% false negative rate are similar to prior studies. The small sample size lead to wide confidence intervals for both our sensitivity and specificity values. Additionally, because of the small number, only differentiating existing postprocedural hemorrhage versus possible underlying contrast extravasation was investigated in the current study. Hemorrhagic transformation of a visualized hyperdense area was difficult to assess and presents a future research opportunity. We are optimistic that this current study has laid a foundation for future studies with more patients and incorporation of newer imaging modalities such as dual-energy CT (DECT) and advanced MR sequences such as susceptibility-weighted imaging (SWI).
Potential Future Economic Considerations-DECT versus MRI
DECT is now the gold standard for differentiating contrast extravasation versus iatrogenic hemorrhage. According to Phan et al, DECT has a sensitivity of nearly 100% and a specificity of 92.8%. 17 Another study by Gupta et al concluded that DECT has a sensitivity of 100%, specificity of 91%, and accuracy of 93%. 26 However, DECT also has some limitations. This modality has significantly improved the ability to differentiate extravasation from hemorrhage but has potentially increased radiation doses, is more expensive than single-source CT, [17] [18] [19] and is not universally available in small hospitals when compared to both single-source conventional CT and MRI. [20] [21] [22] [23] Dinkel et al established that while DECT is accurate in 90.2% of cases, it is limited when there is beam hardening (4.2%), parenchymal calcifications (4.2%), motion (1.4%), and with saturation effect from iodine concentrations above 37 mg/dL. 22 Postma et al also noted limitations with subtraction artifact when the HUs of vessels, calcified plaque, and bone are similar. DECT also has a longer postprocessing time relative to conventional CT. 21 In addition to some of the technical limitations, DECT presents economic constraints as well. Certain studies asserted that DECT is currently not in widespread implementation and is only seen in academic institutions. [17] [18] [19] Out of roughly 8,400 CT scanning sites in the country only 400 sites, fewer than 5%, have DECT capabilities. 22 Reasons for lack of implementation include no set standardization and misconceptions about overall radiation dose. Cost is an additional significant disadvantage as DECT is more expensive than conventional CT, which limits its clinical use in smaller tertiary centers as well as community and rural settings. Generally, a CT with dual energy functionality costs between $1.6 and $2.5 million. In contrast, a conventional 64-80 slice CT costs roughly $550,000. 32 There is also additional concern for increased radiation exposure, although this is thought to be controversial as some recent studies demonstrate equal or even lower doses compared to conventional CT. Others have also published significant decrease in radiation dose for conventional CT, which presents DECT as an unnecessary addition in current practice. [17] [18] [19] [20] [21] [22] Maintenance is another major concern as the cost of maintaining a DECT far exceeds its conventional counterpart. 33 Finally, there is an added inertia as there is no additional reimbursement for interpretation of DECT compared to conventional CT. 21, 22 MRI still has a number of advantages when compared to CT. While it is expensive, it is considered a superior diagnostic tool compared to CT for a variety of pathologies. 17, 18, 20, 21 Specifically, SWI sequences have demonstrated benefit in diagnosing hemorrhage. 19, 38 SWI, in particular, has been shown to be a superior diagnostic tool in detecting different types of hemorrhage as well as distinguishing hemorrhage from calcification when compared to CT. 9 Verma et al 40 demonstrated the sensitivity of SWI to be 88% versus 75% when detecting subarachnoid hemorrhage. Additionally, the phase imaging component of SWI allows for greater differentiation between hemorrhage and calcifications due to the opposite phase values of calcium and heme as seen in Berberat et al. 41 SWI is limited by its inability to quantify magnetic susceptibility. 42 Overall, MRI also has the obvious benefit of no ionizing radiation exposure. Additionally, MRI is currently still more prevalent in clinical use as compared to DECT. In 2011, there were 10,395 MRI units and 13,530 total CT units (both conventional and DECT) in the United States. 32, 33 Given that 5% of the CTs seen today are DECT, it is a safe assumption that MRI has more mainstream clinical use ranging from academic to rural settings. Additionally, the absolute number of MRI machines has doubled in number from 2000 to 2011 within the United States furthering its mainstream usage compared to DECT. 33 
Conclusion
In this case series, we demonstrated the difficulties to distinguish contrast extravasation from hemorrhage in stroke patients post intra-arterial recanalization when finding a hyperdense area on initial postprocedural CT. Additionally, we show that a followup MRI done within 48 hours does not aid in distinguishing each entity when focusing on limited T 1 -and T 2 -weighted sequences. Our findings demonstrate that confirmatory MRI or CT should be done at least 72 hours after the recanalization procedure to account for residual effects of iodinated contrast administered during the procedure. We also conclude that a confirmatory MR should not be done with gadolinium contrast to prevent potential confounding effects of both the residual procedural contrast with the newly administered MR contrast as well as preventing possible complications from interactions. Moreover, with the increased risk of hemorrhagic transformation postprocedurally, the use of additional contrast would further obfuscate diagnosis. Our findings could lead to protocol changes in stroke patients in tertiary centers, community, and rural hospitals.
